Most methods for studying the kinetic properties of an enzyme involve the determination of initial velocities. When the reaction progress curve shows significant curvature due to depletion of the substrate, accumulation of inhibitory products or instability of the enzyme, estimation of the initial velocity is a subjective and inexact process. Two methods have been suggested [Cornish-Bowden (1975) Biochem. J. 144, 305-312; Boeker (1982) Biochem J. 203,[117][118][119][120][121][122][123] that attempt to eliminate this subjective element. The present study offers a third alternative, which is based on fitting a reparameterized form of the integrated Michaelis-Menten equation to the progress curves by non-linear regression. This method yields estimates and standard errors of the initial velocity and of the time to reach 50% reaction. No prior knowledge of the apparent product concentration at zero time or infinite time is required, since both of these quantities are also estimated from the data. It is shown that this method yields reliable estimates of the initial velocity under a wide range of circumstances, including those where the two previously published methods perform poorly.
The determination of the kinetic properties of enzymes by analysis of entire reaction progress curves is a well-known technique. It has attracted attention because it appears to offer the opportunity to evaluate both the apparent Michaelis constant (K3) and the apparent maximum velocity (Vm) by fitting the integrated Michaelis-Menten equation (eqn. 1) to a single progress curve:
V.t = y,-K. * nI (-y'ly°) (1) ( The symbol y, denotes the concentration of product formed by catalysis, which will differ from the total concentration of product when this compound is added to the system. The meaning of yc. depends on the context; in systems that do not undergo progressive enzyme inactivation, it denotes the concentration of product formed at infinite time and will be equivalent to the initial substrate concentration for irreversible reactions only. When there is significant enzyme inactivation, this latter definition is used, although the reaction will cease before the substrate is exhausted.) Despite this attraction, the method is not gained wide acceptance, and a variety of reasons can be advanced for this fact. One of these reasons is the natural reluctance to move away from the well-established technique of initial-velocity analysis. This reluctance is probablyjustifiable, for, as Cornish-Bowden (1975) More recently, Wharton & Szawelski (1982) have presented a similar case for using each progress curve to evaluate a single quantity, in this case the time to achieve 50% reaction. This halftime method appears to be more vulnerable to systematic errors in yOO than the median-vo method, and these authors recommend that reactions be allowed to proceed for a prolonged period so that y,, may be measured reliably.
A second source of systematic error in progress curves occurs when the enzyme is not stable under Vol. 228 assay conditions. Although there is a simple method for detecting instability (Selwyn, 1965) , the half-time method cannot be used when instability is significant. The non-linear regression method of Duggleby & Morrison (1977) is also inappropriate in these circumstances. By contrast, the median-vo method performs quite well in the face of quite substantial (up to 25%) enzyme inactivation.
It has been noted (Duggleby & Morrison, 1977 ) that a common problem in progress-curve analysis is that the concentration co-ordinate may be displaced by an unknown amount (yo) from the origin. This difficulty was not addressed by either Cornish-Bowden (1975) or by Wharton & Szawelski (1982) , but was considered by Boeker (1982) . Like Cornish-Bowden (1975) Vm[l -exp(-kjt)]/ki = yt-K*lin(1-yt/y.) (6) Simulated data for both eqn. (1) and eqn. (6) were calculated from the theoretical curve; each Yt value was perturbed by adding to it a normally distributed pseudo-random number with a mean of zero and the required standard deviation. These perturbations were calculated by using the algorithm described by Brent (1974) .
Eqn. (5) may be fitted to progress-curve data by non-linear regression. In the work described in the present paper, this was achieved by using a BASIC program, which may be applied to a wide range of non-linear regression problems and is described elsewhere (Duggleby, 1984) . All points were equally weighted for this analysis, and the initial estimates of the parameters were close to their true values. Experience has shown that the program will tolerate quite poor initial estimates and still converge to the same final values; it just takes longer to get there. Such an analysis yields best estimates and standard errors of the three parameters vo, ti and yOO. For progress curves that are displaced from the origin, eqn. (5) is rewritten by replacing Yr and yc, with Yr-yO and yw-yo respectively and treating yo as a fourth parameter to be estimated from the data. A listing of the computer program (DNRP53) and a user's manual are available on request from the author.
The median-vo method involved the solution of eqn. (1) for all possible pairs of points from a progress curve, as outlined by Cornish-Bowden (1975) . {It should be noted that the original description of this method contains an algebraic error in eqn. (2) of Comish-Bowden (1975) ; the second logarithmic term should read ln[pc/(pO.-pj)].} The extrapolated-vo method involved linear regression of yjt against Yt to determine the intercept on the ordinate. The data were truncated, where necessary, to exclude points for which Yt exceeded the value corresponding to 50% utilization of the substrate.
Results

Error-free data
In an initial study, error-free data were calculated from eqn. (1) for a range of conditions. Eqn.
(5) was fitted to the data to obtain values for vo, t4, yo and y0. (5) is fitted to error-free data Theoretical curves were calculated from eqn. (1), by using Vm = 1.0 and y0 = 1.0. The value of Ka was adjusted to give an initial velocity of 0.1, 0.4 or 0.75. Ten yt values were calculated so as to be equally spaced in time, up to a maximum y, of 10%, 50% or 90% of y,,,. The range of the data, in terms of the percentage of yOO of the first and last point, as well as the fraction of ti corresponding to the last point are reported. Eqn. (5) was fitted to the data and the differences between found and expected values are reported as parts per million of the expected values except for yo where the error is given as parts per million of y0. The values in parentheses are the corresponding errors in vo, which were obtained by using the procedure described by Boeker (1982 A third set of 100 simulations was designed to test the effect of outliers. Simulated progress curves were calculated as in Table 3 , except that one randomly selected point from each curve was perturbed by adding to it a normally distributed pseudo-random number with a mean of zero and a standard deviation of 0. 1; this error is 4 times that in the remaining nine points. Fitting eqn. (5) to these data gave a mean vo of 0.66704 with a standard deviation of 0.04963, whereas the medianvo method gave 0.64816+0.05273. The latter method gave an estimate of vo that was closer to the true value of 2 in 41 of these 100 simulations, whereas eqn. (5) was better in the remaining 59.
Discussion
The initial study ( Initial-velocity-of-progress curves and y0 were also very small, and in no case did they exceed 100 parts per million (i.e. 0.01%). (5) to the data. Such a comparison is included in Table 1 , from which it is seen that the extrapolated-vo method gave much larger errors, up to 14880 parts per million (1.5%).
This is in general agreement with Boeker (1982) , who found errors up to 0.9%. Cornish-Bowden (1975) has examined the situation where there is progressive enzyme inactivation by assuming that Vm undergoes a first-order decrease with time. Table 2 shows vo values that were found under these conditions, as calculated by using eqn. (5), the median-vo method and the extrapolated-vo method. In all cases but one (50% reaction, 90% inactivation) the v0 value from eqn. (5) differed from the true value by less than 0.06%.
Even in the one case where eqn. (5) performed most poorly, the error was less than 0.5%; this error was substantially smaller than that obtained by using either the median-vo method (9.2%) or the extrapolated-vo method (4.3%).
The results presented in Tables 1 and 2 may not provide a realistic assessment of the various methods for estimating vo, as they were obtained by using data that were error-free. Consequently the three methods were compared by using simulated data, which were calculated for the case in Table 2 Tables 2 and 4 concern systems in which an enzyme exhibits progressive inactivation, a situation in which the integrated Michaelis-Menten equation will not accurately describe the reaction progress curves.
Thus the observation that the median-vo method and the extrapolated-vo method have some deficiencies under conditions of enzyme instability might be considered to be an unfair assessment of their merits.
Both Cornish-Bowden (1975) 
